Wheat (Triticum aestivum, Triticum durum) grains were excised immediately following fertilization and cultured until maturity. A rachis fragment attached to the grain was required to ensure an increase in grain size for the first 10 days following fertilization. A '4C-labeling study revealed that 8-day-old grains accumulated more dry matter into the ethanol-insoluble fraction when grown on agar rather than when immersed in liquid medium. Light enhanced the absorption of sucrose from the medium only in the latter case. In agar-based culture, when no contact was made between the grain surface and the medium, peeling off the outer pericarp layers increased sugar absorption, leading to a threefold increase in the amount of accumulated dry matter in the ethanol-insoluble fraction. Culturing of wheat grains with attached rachis fragment and peeled pericarp is recommended for maximum in vitro growth.
In vitro culturing of individual wheat grains is a convenient system for studying various factors affecting grain growth. In particular, source-related factors may be easily controlled and modified throughout the growth period, thus enabling one to distinguish between sink and source mechanisms. Recent studies (6, 8, 9) have demonstrated that physical and chemical factors that were difficult to apply to maize kernels grown in vivo can be applied in in vitro culture, thereby avoiding the response of the whole plant.
So far, no long-term in vitro culture of wheat grains has been reported. Jenner (7) succeeded in head-and spikelet-culture but reported no grain growth when detached individual grains were used. Gifford and Bremner (4) demonstrated that detached grains, cultured up to 1 week, absorbed sugar from the medium and converted it into starch. However, the accumulated insoluble dry matter was small relative to that gained by grains grown on intact plants during the same period.
The object of this study was to identify and overcome the impediments for a successful long-term culture of wheat kernels in vitro.
MATERIALS AND METHODS
Culture Media. Except for some treatments involving 14C-labeled sucrose in liquid culture, only agar-based media were used. These media were prepared by autoclaving the nutrient solution in 0.55% (w/v) agar (Bacto Agar, Difco Labs.). The three types of nutrient media used were similar to those described by Gengenbach (3), Donovan and Lee (1) , and Gifford and Bremner (4) but invariably contained 5% (w/v) sucrose. These media were used in the various experiments since no marked developmental differences were observed among grains cultured in any of the media. The pH was adjusted to 5.5 with NaOH. In a preliminary study, autoclaved medium was compared to an autoclaved agar solution into which all other filter-sterilized (Millex-CV 0.22 ,m, Millipore Corp.) components were added.
Since no difference in grain development was observed, only an autoclaved medium was used thereafter, except when a radioactive mixture was prepared.
Long-term experiments were carried out in small (15 mm high, 35 mm diameter) culture dishes containing 3 ml autoclaved medium. For short-term labeling experiments the excised tissue was cultured in 20 ml glass-scintillation vials containing 2 (New England Nuclear; specific activity 2.0 mCi mg-') was used to trace the sucrose absorpltion and its subsequent utilization for growth. The labeled medium was filtered into the vials through 0.22 Am Millipore filter, and if required, an autoclaved agar solution was added to give the final standard concentrations of 5% sucrose and 0.55% agar.
After 48 h in culture, the rachis and the remainder of the palea were removed and discarded. The grain was rinsed thoroughly with water, the pericarp was peeled, and the grain was rinsed again. Soluble sugars were extracted in 80% ethanol, and starch was hydrolyzed with 1 N HCI, as previously described by Gifford and Bremner (4). The redissolved soluble extract and the hydrolized residue were added to 14 mL Aquasol-2 (Dupont) and counted in a liquid scintillation counter (Beckman model Plant Physiol. Vol. 88, 1988 LS8000) at two channels. Count efficiency was calculated by channel ratio and used to correct the actual counts (the efficiency was about 90% with only small deviations). The counts were converted to sucrose equivalent weight using the counts of a standard labeled liquid medium. Dry matter accumulation is expressd as sucrose equivalents per grain.
RESULTS
Grain Development at Early Stages. Unless a rachis fragment was attached (Fig. 1) , none of the several hundred grains of each of the four cultivars grew in size or increased in dry weight when cultured soon after anthesis, in any of the three media, under light or dark conditions. When attached to this maternal tissue, most grains grew in size almost normally for the first 10 d (Fig.  2) , independently on the cultivar or the media used. A fragment much smaller than a whole rachis internode was as efficient for grain enlargement as several internodes. A similar increase in size was attained regardless of whether one or two grains were attached to the same rachis fragment. Grains cultured from anthesis in a continuous fluorescent light increased in size much less than those cultured in the dark.
Dry Matter Accumulation (Radiolabeling Experiments). (Tables I and II) . Long-Term Grain Culture. Most of the grains with attached rachis that were cultured from anthesis in an agar-based medium increased in weight and, after about 1 month, turned brown. At that time, some grains (independent of the genotype) achieved .zl:
up to 40% dry weight of normally grown grains. A comparison between dry mature cultured grains and normally grown grains is demonstrated in Figure 3 . The embryo was clearly visible and in some instances even germinated in the culture dish. Peeling off the outer pericarp layer (carried out in 7-d-old grains of the cultivar H-18) resulted in significantly (P < 0.0001) heavier grains at maturity than unpeeled ones (17.9 versus 12.0 mg).
DISCUSSION
This study was aimed to define the conditions for in vitro culture of wheat grains from pollination to maturity. These conditions were previously established for maize by Gengenbach (2, 3) . Using a similar system, Jones et al. (8) showed that maize kernels cultured 2 d after pollination gained as much as 80% dry weight as their corresponding in vivo kernels. Similar to maize kernels, which require a piece of the cob tissue to assure development (2, 8) , wheat grains failed to develop in culture unless attached to a piece of the rachis. However, unlike maize (6) , no definite size ratio of the grain to the maternal tissue could be determined. The role of the rachis in culture remains unclear. The contribution of the rachis to sugar absorption in 8-d-old grains could not be properly assessed since grains of different positions were used in liquid culture. Although sugar translocation through the rachis accounted for the highest values of dry matter accumulation, it is questionable whether the absence of the rachis affects the absorption at early developmental stages, when the demand for sugars is quite limited. Alternatively, the rachis may facilitate water uptake or provide the developing grains with growth factors.
The response of the cultured grains to light at the early stage of development (data not shown) was essentially similar to that previously described by Millet and Pinthus (10) source could be identified using radiolabeled sucrose. Indeed, in grains immersed in liquid medium, as previously used by Gifford and Bremner (5), light enhanced the absorption of sucrose from the medium and its conversion into ethanol-insoluble compounds (presumably starch). Light probably facilitates processes of sugar transport into the endosperm tissue through the grain coat layers by providing oxygen evolved by photosynthesis, as suggested by Gifford and Gremner (5) . Yet the grain coat is not the normal pathway through which assimilates are imported into the grain. When grains with attached rachis fragment were planted onto a solid medium, more carbon from the medium was incorporated into the insoluble fraction (presumably as starch) than that found in illuminated grains immersed in liquid medium. Moreover, light largely enhanced '4C recovery in both fractions in grains immersed in liquid culture but not in grains planted onto solid medium. Apparently, the immersion ofgrains in the liquid decreased the rate of gas exchange with the atmosphere, which was partly compensated by oxygen evolved by the green layer of the grain coat. In addition, inhibition of starch synthesis under immersion was evident as expressed by the higher ratio of soluble (sucrose) to insoluble (starch) sugars in immersed vs. planted grains. In the latter case this ratio resembled the values usually obtained in vivo (our unpublished data), whereas in the former case it was similar to that obtained by Gifford and Bremner (4) for grains immersed in liquid medium.
Further increase in growth capacity was achieved when the outer pericarp layer was partially removed from grains cultured on solid medium. This treatment induced a threefold increase in the incorporation of sucrose into the grains, bringing it to a rate of about 1 mg sucrose equivalent per 48 h labeling-of which 70% was in the form of insoluble compounds. The role of the grain coat in dry matter accumulation is still obscure. It has been suggested (10) that the grain coat may physically constrain grain growth but the nature of such a mechanism is not known. It is doubtful whether the removal of the pericarp increased dry matter accumulation via higher oxygen supply, since in agarbased culture where grains were exposed to the ambient atmosphere, light did not enhance sucrose uptake. The removal of the pericarp for the study of grain growth can be used exclusively in culture, where grain dessication is prevented by maintaining absolute humidity.
